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Abstract 30 
 31 
Light absorbing aerosols not only contribute to Earth’s radiative balance but also 32 
influence regional climate by cooling the surface and warming the atmosphere. Following 33 
recent suggestions that organic aerosols (OAs) absorb substantial amount of solar radiation, 34 
we examine the role of light absorbing properties of OA on Asian summer monsoon rainfall 35 
redistribution using observational data and an atmospheric general circulation model (AGCM) 36 
experiment. Results suggest that the enhanced light absorption by OA in Southeast Asia and 37 
Northeast Asia are associated with the advance of the Indian summer monsoon in May and 38 
the southward shift of East Asian summer monsoon rain band in June. The rainfall 39 
redistribution in May is induced by elevated orographic effect with a warm-core upper-level 40 
anticyclone and surface warming of 1-2oC over the Tibetan Plateau whereas that of the East 41 
Asian summer monsoon in June is formed by stable conditions associated with surface 42 
cooling and atmospheric warming around 30°N.   43 
1. Introduction 44 
Asia accounts for nearly 30% of the global anthropogenic organic carbon emissions, 45 
which are mostly due to fossil- and biofuel usage (Bond et al., 2004). In this region, about 46 
2500 Gg/yr of organic carbons from open biomass burning are emitted, mostly from 47 
Southeast Asia (Bond et al., 2004). Asia is the region most vulnerable to natural hazards 48 
because of the summer monsoon and a large population accounting for nearly 60% of the 49 
global population. During the last decade, it has been reported that organic aerosols (OAs) 50 
absorb substantial amounts of sunlight (Andreae & Gelencsér, 2006; Alexander et al., 2008; 51 
Chen & Bond, 2010; Bahadur et al., 2012; Chu & Ha, 2016). However, most climate models 52 
have treated OAs as scattering or weakly absorbing species (e.g., Takemura et al., 2005, 2009; 53 
Myhre et al., 2007; Myhre, 2009; Zhang et al., 2009). The light absorption by particles, which 54 
have wavelength much smaller than the wavelength of incident light, is proportional to the 55 
mass and volume (Moosmüller et al., 2009); the underestimation of OA light absorption in 56 
climate models may lead to a large bias in climatic response estimates.  57 
The light absorbing OA is also called as “brown carbon” due to its strong absorption 58 
toward shorter wavelength (Andreae & Gelencsér, 2006). After scientists started to 59 
distinguish OA (or brown carbon) from black carbon (BC) in early 2000s, there has been 60 
substantial progresses in understanding of chemical and optical properties of brown carbon (a 61 
review paper by Laskin et al. 2015), aging processes (Huang et al. 2013), and radiative 62 
forcing (Chung et al, 2012; Feng et al. 2013). One of the most striking results for climate 63 
science was that the contribution of brown carbon on light absorption at 550 nm corresponds 64 
to 20% of total carbonaceous aerosol absorption (Chung et al. 2012) and as large as 56% at 65 
380 nm (Feng et al. 2013). However, mixing state of light absorbing organic carbon to purely 66 
scattering organic carbon in the atmosphere is still remains unknown. For this reason, we will 67 
refer to atmospheric column averaged particulate state of the mixture of light absorbing and 68 
scattering organic carbon as OA.  69 
Despite of the importance of light absorption by OA, previous studies on the climatic 70 
effect of light absorbing aerosol have considered BC as the only absorber (Menon et al., 2002; 71 
Wang, 2007; Ramanathan & Carmichael, 2008). For example, Menon et al. (2002) 72 
considered BC to be the sole absorber and implemented two experiments by including 73 
aerosols with a single scattering albedo (SSA) of 0.85 and 1.0, respectively, representative of 74 
the appropriate amount of BC; the remainder is sulfate aerosol. There are some other studies 75 
who considered additional absorption by dust aerosols (Lau et al., 2006; 2010). Lau et al. 76 
(2006) treated BC and dust as absorbing aerosols and showed that the increased dust load 77 
together with BC emission from local sources in northern India during late spring may lead to 78 
an advance of the rainy period and subsequently intensify the early stage of the Indian 79 
summer monsoon. Few studies have implemented climate model simulations with OA light 80 
absorption. Park et al. (2010) have shown that the inclusion of light absorbing OAs in climate 81 
models results in a better agreement with the observed aerosol light absorption in East Asia. 82 
However, they focused on radiative effect of OA on Asian climate. It remains questionable 83 
whether more realistic treatment of OA light absorption would cause significant changes in 84 
circulation and precipitation in Asian monsoon region. If so, what is the detailed response and 85 
magnitude of the monsoon system in response to the changes in OA light absorption?  86 
This study aims to determine the impact of enhanced light absorption by OAs on the 87 
Asian monsoon climate. Recently, Chu & Ha (2016) developed an observationally 88 
constrained algorithm to quantify the OA light absorption using ground-based Aerosol 89 
Robotic Network (AERONET) observations and obtained a OA SSA value of 0.91 (0.82–90 
0.93). Following recent suggestions that OAs absorb substantial amount of solar radiation, we 91 
conducted two primary experiments, EXP_ABS and EXP_SCA, with OA SSAs of 0.91 and 92 
1.0, indicating light absorbing OAs and purely scattering OAs, respectively. Data and 93 
experiment design are described in section 2. In section 3, we discuss the observed impact of 94 
biomass burning on the Asian monsoon climate and explore the mechanisms by which OA 95 
light absorption influence the Asian summer monsoon using differences between EXP_ABS 96 
and EXP_SCA experiments. Section 4 is for summary and discussions.  97 
 98 
2. Data and Experimental design 99 
2.1 Data 100 
The Fire Energetics and Emissions Research (FEER) is a satellite-based top-down 101 
emission estimates developed by NASA (Ichoku & Ellison, 2014). We downloaded FEER 102 
v.1 emission estimates of total carbon (TC) based on MODIS 2003–2013 Fire Radiative 103 
Power and aerosol optical thickness observations from the Moderate-resolution Imaging 104 
Spectro-radiometer (MODIS) sensors aboard the Terra and Aqua on a 0.5° x 0.5°-resolution 105 
global grid (http://feer.gsfc.nasa.gov). Surface temperature, zonal and meridional winds at 106 
850 hPa are obtained from the National Centers for Environmental Prediction-National 107 
Center for Atmospheric Research (NCEP-NCAR) reanalysis product with 2.5° x 2.5°-108 
resolution (Kalnay et al. 1996). The precipitation data are obtained from Global Precipitation 109 
Climatology Project (GPCP).  110 
 111 
2.2 Experimental design 112 
We performed numerical experiments with the Community Atmosphere Model version 4 113 
(CAM4), which is the seventh generation of atmospheric general circulation model (AGCM) 114 
developed by NCAR (Neale et al., 2013). The horizontal resolution of the model is T42, 115 
which has approximately 2.8 × 2.8 degrees with the finite volume dynamical core. There are 116 
26 vertical layers (with a top at 3 hPa). During the initialization process, the three-117 
dimensional time-dependent monthly mean distribution of the eleven aerosol masses and the 118 
optics for each species are prescribed into CAM4. The eleven aerosol species include natural 119 
and anthropogenic sulfate, two size bins of sea-salt, four-size bins of soil dust with diameters 120 
from 0.1 to 10 µm, new and aged BCs, and hydrophobic and hydrophilic OAs. The sulfate, 121 
sea-salt, and hydrophilic organic carbon are affected by hygroscopic growth. The default 122 
aerosol climatology prescribed in CAM4 is produced using the Model for Atmospheric 123 
Chemistry and Transport (MATCH) (Rasch et al., 1997) integrated using the National 124 
Centers for Environmental Prediction (NCEP) meteorological reanalysis and an assimilation 125 
of satellite retrievals of aerosol optical depth (AOD) from the NOAA Pathfinder II data set 126 
(Stowe et al., 1997). The emissions of carbonaceous aerosols include contributions from 127 
biomass burning, fossil fuel burning, and a source of natural organic aerosols resulting from 128 
terpene emissions. The injection height for savanna, forest, and open-fires are the first 2000m 129 
whereas that for fossil fuel is the boundary layer (Liousse et al., 1996). The optical properties 130 
for BC are same as in the optics for soot and water-soluble aerosols in the Optical Properties 131 
of Aerosols and Clouds (OPAC) dataset (Hess et al., 1998). The SOA is not considered in 132 
this version. Regarding aerosol optical properties, the specific extinction, SSA, and 133 
asymmetry parameter are prescribed as globally uniform and time-independent constants for 134 
each of the eleven aerosols. Dust aerosol is from Mie calculations for the size distribution 135 
represented by each size bin (Zender et al., 2003). The sulfate aerosol is assumed to be 136 
composed of ammonium sulfate with a long-normal size distribution and the nitrate aerosol is 137 
not included. The optical properties of the individual aerosol species are combined by the 138 
bulk formulae of Cess (1985) to represent the aerosol optical properties for each layer. The 139 
cloud formation scheme in CAM4 follows the same deep parameterization of Zhang-140 
McFarlane approach same as in CAM3 (Collins et al. 2006), where shallow convection 141 
follows Hack et al. (2006). Detailed information on the clouds and precipitation process can 142 
be found in Boville et al. (2006). 143 
To isolate the impact of OA light absorption, we fixed the amounts of greenhouse gases 144 
and prescribed aerosols. The model is forced with the observed climatological SST and sea 145 
ice distribution. The control experiment has been conducted for ten years, with four ensemble 146 
members based on the year 2000 condition; the first five years of the ten-year experiments 147 
are removed and the last five years of each experiment (i.e., 5 years × 4 ensemble members) 148 
were used for our analysis. To investigate the impact of OA light absorption on the Asian 149 
monsoon climate, we conducted two primary experiments, EXP_ABS and EXP_SCA, with 150 
OA SSAs of 0.91 and 1.0, indicating light absorbing OAs and purely scattering OAs, 151 
respectively. Each set of the experiment has four ensemble members. The OA SSA value of 152 
0.91 was obtained from the study by Chu & Ha (2016) in which the OA SSA was empirically 153 
determined using ground-based observations. Because CAM4 uses prescribed bulk aerosol, 154 
the difference between EXP_ABS and EXP_SCA represents the climate response solely due 155 
to enhanced OA light absorption.  156 
It should be noted that there are large discrepancies in AOD and fine-mode AOD (fAOD) 157 
distribution between observation and CAM4 simulation. Generally, AOD in CAM4 is 158 
underestimated over most regions and the difference is as large as 5 times in the major 159 
hotspots including Asia and Indo-Gangetic Plains. The global mean AOD and fAOD in 160 
CAM4 default simulation are underestimated by 40% and 20%, respectively. For this reason, 161 
we conducted a control experiment prescribed with aerosol mass concentration constrained 162 
by observations. To constrain aerosol concentrations, we integrated the model for 20 years 163 
with CAM4 default aerosol emission data. Then, we calculated ratio of observed AOD to 164 
simulated AOD for each grid cell over the whole globe. The control experiment is a 165 
simulation with aerosol concentrations multiplied with the ratio to infer more realistic aerosol 166 
distribution. The observed AOD is obtained from Chung et al. (2012) and Lee & Chung 167 
(2013) who estimated AOD and fAOD globally by integrating monthly satellite-based 168 
(MODIS and MISR) and ground-based AERONET observations based on 2001 to 2010 169 
period. The aerosol concentration is constrained at first for fine-mode aerosols (diameter less 170 
than 2.5 µm) to fit with observed fAOD, and rest of aerosol species are multiplied by ratio of 171 
observed AOD minus fAOD to simulated AOD minus fAOD. By using this observationally 172 
constrained AOD method, spacial distribution of AOD and fAOD are substantially improved 173 
especially over Asia and Indo-Gangetic Plains. The improvements of AOD and fAOD 174 
averaged over Asian region in the control experiment (i.e., observationally constrained 175 
experiment) relative to the CAM4 default simulation corresponds to 38% and 100%, 176 
respectively. The underestimated AOD in model is likely caused by an underestimation of 177 
dust aerosols and overestimation of its wet and dry deposition processes. Our analysis, 178 
however, multiplied fine-mode aerosols including BC, OA, sulfate, one out of the four dust 179 
aerosols, and one out of the two sea-salt aerosols by the same observation-to-model ratio. The 180 
uncertainty in our experiment can be caused by the ratio which is overwhelmed by sulfate 181 
aerosol, the most dominant species in Asian region. The uncertainty in observed dataset are 182 
discussed in Chung et al. (2012) and Lee & Chung (2013).  183 
 184 
3. Results  185 
3.1 Observed absorbing aerosol and Asian monsoon interaction 186 
In the pre-monsoon period in March/April, extremely large amounts of organic particles 187 
are emitted to the atmosphere due to open agricultural biomass burning in Southeast Asia 188 
(Figure 1). Despite of the high altitudes, these organic particles sometimes penetrate the 189 
southern slope of the Himalayas (Bonasoni et al., 2010; Cong et al., 2015). Together with 190 
local sources, the transported aerosols cause hazardous haze pollution in India and Southeast 191 
Asia every year. We first examined if there is any regional consensus in the climate response 192 
in high-emission years in the major biomass-burning region. Based on top-down estimation 193 
of TC emission during 2003-2013 period, we calculated the composite difference between 194 
high- and low-emission years. The high- and low-emission years were selected based on the 195 
accumulated FEER TC emission product of the mainland of Southeast Asia (15°N–25°N, 196 
90°E–105°E) from March to April. The selected high-emission years include 2004, 2007, 197 
2010, and 2012; low-emissions years include 2003, 2005, 2008, and 2011. It should be noted 198 
that the year 2013 was omitted from the low-emission years because the 2013 value is not 199 
notably different from that observed in the previous year and the emission in March, the most 200 
abundant month, does not display lower levels than other low-emission years.  201 
   Figure 2 shows the composite differences in surface temperature, precipitation, and low-202 
level streamlines at 850 hPa between high- and low-emission years from March to June. The 203 
high emission of TC over Southeast Asia is accompanied by an anomalously high surface 204 
temperature and dry conditions in the inland area of Southeast Asia in March, where biomass 205 
is burned almost every year. This warm and dry anomaly in March can be interpreted as pre-206 
condition, which is favorable for active biomass burning, rather than the response of OA light 207 
absorption. In April, however, the surface temperature shows a decrease in Southeast Asia 208 
and a significant increase for the entire Indian subcontinent (Figure 2a). Significant positive 209 
precipitation anomalies were found over the northern inland part of the Bay of Bengal and 210 
Southeast China (Figure 2b). From May to June, the surface temperature seems to increase 211 
over the southern slopes of the Tibetan Plateau; however, not statistically significant. On the 212 
other hand, the circulation and precipitation patterns display the significantly intensified 213 
southwesterly monsoon over the coastal Arabian Sea in May and the weakened anticyclonic 214 
circulation (i.e., anomalous cyclonic circulation) over both Indian and East Asian monsoon 215 
regions in June. However, the biomass burning events and changes in precipitation in 216 
Southeast Asia, have often been associated with large-scale SST forcing, such as the El Niño-217 
Southern Oscillation (Inness et al. 2015). Yet, the sole effect of OA light absorption on the 218 
Asian monsoon system is unknown. Therefore, it is necessary to examine the response of the 219 
Asian monsoon to OA light absorption using a fixed SST experiment.  220 
 221 
3.2 Simulated impact of OA light absorption 222 
Figure 3 shows the vertically integrated organic carbon concentration prescribed in 223 
CAM4 and simulated changes in surface temperature, precipitation, and low-level circulation 224 
from April to June. We found an excellent correspondence of the surface temperature and 225 
precipitation between observation and simulation. In April, the OA light absorption leads to a 226 
cool temperature anomaly over Southeast Asia around the source region and a warm anomaly 227 
over the western part covering the Indian subcontinent and western Eurasia. The pronounced 228 
surface temperature cooling is related to the increased rainfall over Southeast Asia around the 229 
source region (Figure 3b). In May, the temperature anomaly field shows a positive change 230 
over the southern part of the Tibetan Plateau and an upper level high over the region of 231 
warming. A striking increase of precipitation was observed over the Indian subcontinent, 232 
which is related to the enhanced southwesterly monsoon flow transporting more moisture to 233 
the Indian subcontinent (Figure 3c). In June, the largest surface temperature warming was 234 
detected over the Himalayas and Tibetan Plateau, whereas the surface cooling over western 235 
Eurasia contrasts the observation. An increased rainfall pattern was observed over the 236 
northern Arabian Sea, eastern Himalayas, and East Asia stretching from the South China Sea 237 
to southern Japan, whereas decreased rainfall was reported for the entire Indian subcontinent, 238 
Tibetan Plateau, and East Asia including the Yangtze River, Korea, and Japan. The 239 
suppressed Indian summer monsoon precipitation and southward displacement of the East 240 
Asian summer monsoon rain belt, which is called Meiyu–Changma–Baiu, with cyclonic 241 
circulation, represent the weakening of the Indian and East Asian summer monsoon rainfall. 242 
The overall results that showing the advance of Indian summer monsoon and weakening of 243 
East Asian summer monsoon rainfall from model simulations suggest that the enhanced light 244 
absorption by OAs can lead to a change of the Asian summer monsoon rainfall and 245 
circulation, which is generally similar to the observed pattern. However, what is the OA light 246 
absorption mechanism leading to the advance of the Indian summer monsoon and weakening 247 
of East Asia summer monsoon rainfall? This question will be addressed in the remainder of 248 
this paper.  249 
 250 
3.3 Mechanisms by which OA light absorption influences the Asian summer 251 
monsoon  252 
Figure 4 to Figure 7 show month-to-month atmospheric responses due to OA light 253 
absorption to determine the mechanisms that drive significant changes of the Asian monsoon 254 
climate. The atmospheric responses are represented by the latitude- or longitude–height cross 255 
sections of air temperature (K), vertical circulation (m/s), specific humidity (g/kg), and solar 256 
heating rates (K/day) for each month. Because the longwave heating is relatively small, the 257 
shortwave heating represents the fundamental aerosol and cloud forcing that triggers the 258 
response of atmospheric circulation. 259 
In April, the OA forcing is located at the southern and southeastern slopes of the 260 
Himalayas at approximately 90°E–110°E (Figure 3a). The warm southeastern slope directly 261 
derives low-level convergence and consequent upward motion due to the elevated orographic 262 
effect (Figure 4a). The convergence and upward motion cause the increase in precipitation at 263 
90°E–100°E, which leads to the decrease of the surface temperature (Figure 4b). The strong 264 
positive solar heating rate over the upper level (300–400 hPa) on the eastern side of Tibetan 265 
Plateau (100°E–130°E) as shown in Figure 4a is due to the increased middle to high clouds as 266 
a response of positive low-level solar heating rate (i.e., aerosol semi-direct effect). The 267 
surface to upper tropospheric cooling over the region along 100°E–130°E is due to the cloud 268 
dimming effect rather than the direct effect by OA absorption, because the surface cooling 269 
stabilizes the atmospheric column, which cannot explain the local precipitation anomaly. 270 
Moving downslope from a mountain range, the western side of the Himalayas experiences 271 
significantly warm and dry conditions due to adiabatic heating (Figure 4b). The surface 272 
energy budget and contribution of the sensible heat flux is presented in Table 1. The surface 273 
energy balance over the Indian continent is largely affected by sensible heat flux in April. 274 
Since flux value is positive upward, strong negative sensible heat flux indicates that energy is 275 
transferred downward from atmosphere to surface. 276 
One may argue that an initial increase in westerly flow over Indian continent in April 277 
will bring in more dust from the Middle East desert across the Arabian Sea and light 278 
absorption by dust aerosol can also contribute to the anomalies. However, we couldn’t find 279 
any significant increase in dust AOD over the Arabian Sea and Indian continent, even though 280 
previous studies have shown that rainfall over the northeast India has been sensitive to dust 281 
aerosol over Arabian Sea via remote forcing (Vinoj et al., 2014; Lau et al., 2017). Therefore, 282 
the OA-derived adiabatic heating may be the reason we can see the surface temperature 283 
warming over India. On the other hand, pronounced positive surface temperature anomalies 284 
are seen over a wide area of Eurasia, especially over the area from India to Kazakhstan 285 
covering the west of Tibetan Plateau. The west of Tibetan Plateau, especially the conjunction 286 
areas between the Karakoram and Kunlun glacier mountains exhibit more than 70% of 287 
snow/ice covered days annually (Qian et al. 2011). The pronounced surface warming over the 288 
western Tibetan Plateau and adjacent region is directly linked to the accelerated snow melt 289 
over that region (Figure 5). The OA-induced surface warming melts snow, lowering the 290 
surface albedo, which in turn leads to more solar energy absorption, warming the surface 291 
further. Figure 5 shows the increased net surface shortwave radiation over the snow surface 292 
of Tibetan Plateau due to snow albedo effect (snow darkening effect). It may be the reason, 293 
why even the perturbation forcing is applied only over Southeast Asia, the response is near 294 
global. However, since CAM model tends to over-predict snow cover fraction compared to 295 
satellite observations from November to April (Qian et al. 2011), care should be taken not to 296 
overestimate the warming effect of snow melting.  297 
The onset of the Asian summer monsoon is accompanied by a seasonal reversal of the 298 
prevailing wind direction and moisture advection by wind (Liu et al., 2015). The wind 299 
reversal is associated with the warmer Indian continent than adjacent ocean due to the 300 
different response of land and ocean to solar heating. The results shown in Figure 6a 301 
demonstrate that the OA light absorption effect causes stronger southwesterly flow in May 302 
due to the relatively warm conditions of the Indian continent, which enhances the meridional 303 
temperature gradient and accelerates moisture transport from the Arabian Sea to the Indian 304 
subcontinent (Roxy et al., 2015). The near surface air over northern India and the southern 305 
slope of the Tibetan Plateau therefore becomes warmer and wetter (Figure 6b). At the same 306 
time, the ascent air around the north (15°N–25°N) and descent air around the south (EQ–10°N) 307 
intensify the monsoonal meridional circulation, featuring a thermally direct circulation with 308 
low-level warm moist air rising and cold air sinking (Figure 6a). The changes of the 309 
atmospheric and surface conditions in the Indian monsoon region during the pre-monsoon 310 
period (April to May) act to advance the Indian summer monsoon to May. It is interesting to 311 
note that the advanced and intensified Indian monsoon in response to OA light absorption 312 
displays patterns similar to the “elevated heat pump (EHP)” effect (Lau et al., 2006; Lau & 313 
Kim, 2006). Through model experiments and observations, Lau et al. (2006) and Lau and 314 
Kim (2006) suggested that dust aerosols reinforced by the heavy load of BC from industrial 315 
pollution over the Indo–Gangetic Basin during the pre-monsoon period induce the rising 316 
motion over the southern slope of the Tibetan Plateau and draw warm and moist low-level in 317 
the Indian continent. However, the previous EHP theory focused on light absorption by 318 
transported dust and local BC aerosols over the slope of an elevated region. Here we 319 
demonstrate that regardless of the presence of BC and dust, the OA light absorption acts to 320 
advance the Indian summer monsoon rainfall, in a manner similar to the EHP effect through 321 
dynamical adjustment to aerosol-induced heating gradient.  322 
   Meanwhile, the surface warming induced by the early melting of snow on the southern 323 
slope of the Himalayas during April and May is further intensified due to increased incoming 324 
shortwave radiation over the entire Tibetan Plateau in June (Table 1). This surface warming 325 
is associated with formation of a warm-core upper-level anticyclone and surface warming of 326 
1-2oC over the Tibetan Plateau (bottom in Figure 3b). The surface warming and upward 327 
motion in the southern slope of Tibetan Plateau are accompanied by a notable descent to its 328 
south around 20°N, which in turn act to suppress rainfall over the entire Indian continent in 329 
June (Figure 3c). At the same time, anomalous low-level cyclonic circulation can be observed 330 
along a southwest–northeast-oriented rain belt extending from the South China Sea to 331 
southern Japan. Climatologically, the East Asian rain band is located at ~30°N where 332 
abundant OA exits in the lower level (Figure 3a) and it extends from the mid-lower reach of 333 
the Yangtze River Valley across South Korea to eastern Japan. The anomalous rainfall 334 
pattern with the southwest–northeast-oriented rain belt from the experiment is located further 335 
south than the climatological East Asian subtropical front. The zonally elongated negative 336 
rainfall anomaly north of the positive anomaly demonstrates that the East Asian subtropical 337 
front is shifted southward. This is further supported by the vertical cross section of the solar 338 
heating rate and latitudinal temperature profile (Figure 7). Compared to other regions, the OA 339 
concentration in East Asia is located north of 30°N and peaks in low-level below 850 hPa (see 340 
bottom panel in Figure 3a). This is partly because the formation process of OA in East Asia is 341 
dominated by incomplete combustion of either fossil fuel or biofuel whereas that of Southeast 342 
Asia is dominated by biomass burning (Bond et al. 2004). Heald et al. (2011) examined the 343 
vertical profile of OA based on aircraft campaigns and noted that East Asian region has OA 344 
peak in boundary layer below 1.5 km whereas that of biomass burning has elevated layers 345 
aloft through the free troposphere. Surface cooling over north of 30°N by extinction of the 346 
light by OA increases the atmospheric stability, which in turn blocks the northward migration 347 
of the zonal rain band. The East Asian summer monsoon rain belt therefore shifts southward. 348 
The solar heating rate field in the Figure 7 is located in the same latitude with a strong 349 
upward motion and positive temperature anomaly near 20°N-25°N. In other words, the 350 
positive heating rate anomaly near 20°N-25°N is related to the water vapor heating by shifted 351 
convection, not due to OA concentration. On the other hand, cooling over the north of 30°N 352 
seems to secondary downward flow driven by northerly flow (~28°N) to compensate strong 353 
upward motion in the south. The dry adiabatic warming forced by secondary downward flow 354 
in north of 30°N may perturb the surface cooling in China (Figure 3b). In brief, initial surface 355 
radiative cooling over north of 30°N is responsible for southward shift of East Asian rain belt 356 
whereas secondary downward flow is responsible for more atmospheric cooling and less 357 
surface cooling over China.  358 
 359 
4. Summary and Discussion 360 
The OAs are considered to be the second most important contributors to atmospheric 361 
fine particles in Asia, except during the dust-dominated season. Especially, open agricultural 362 
biomass burning during the pre-monsoon period in Southeast Asia emits extremely large 363 
amounts of organic particles every year. Although the light absorption by atmospheric OAs is 364 
reported to be larger than currently believed, most of the climate models treat OAs as 365 
scattering or weakly absorbing species. This study examines how light absorbing properties 366 
of OA influence Asian summer monsoon rainfall redistribution and circulation change.  367 
Observational evidences show that anomalous heating by absorbing aerosols can cause the 368 
advance of the Indian monsoon rainy season in May and southward shift of East Asian 369 
monsoon rain band in June. The AGCM experiment display similar results with observation. 370 
Figure 8 summarizes the mechanisms of the effect of OA light absorption on Asian summer 371 
monsoon. The initial OA forcing from biomass burning over the mainland of southeast Asia 372 
(15°N–25°N, 90°E–105°E) derives convergence and upward wind due to the orographic effect 373 
on the western boundaries in April. India experiences warm and dry condition due to 374 
adiabatic of downward moving air. This warmer and drier pre-monsoon condition invigorates 375 
Indian summer monsoon and strengthens monsoon meridional overturning circulation in May 376 
(Figure 8b). In June, the warm-core high intensified over the entire Tibetan Plateau because 377 
of early melting of snow and increased incoming shortwave radiation. It supports that the 378 
mechanisms through which the atmosphere response to light absorbing properties of OA over 379 
South Asia occur in a manner similar to the EHP effect over Indian summer monsoon region. 380 
Although the EHP effect focused on different absorbing aerosol species from this study (i.e., 381 
BC and dust aerosols in EHP effect, and OAs in this study), our results imply that the 382 
aerosol-induced rising air forced by the elevated region draws warm and moist air from 383 
below accelerating the initial warming. On the other hand, aerosol-induced atmospheric 384 
warming and surface cooling over the region without topographic effect (i.e., Northeast Asia) 385 
acts to increase atmospheric stability inhibiting northward propagation of East Asian rain 386 
band (Figure 8c). The results clearly show that regardless of the presence of BC and dust 387 
aerosols, light absorption by OA can cause a significant large-scale dynamical adjustment to 388 
aerosol-induced horizontal and vertical heating gradients of the atmosphere and land surface.   389 
In addition to dynamical adjustment to aerosol-induced heating, aerosol and monsoon 390 
interact with each other (Lau et al. 2016). The model used in this study is not an interactive 391 
model and does not include changes in emission due to changes in meteorological fields. 392 
Recent studies by Lou et al. (2016; 2017) examined the impacts of changes in springtime and 393 
wintertime East Asian monsoon strengths on dust emissions in China by using interactive 394 
model experiment. They demonstrated that dust-wind speed feedback enhanced the impact of 395 
the East Asian Monsoon and net radiative forcing over eastern China by about 40%. 396 
Furthermore, Yang et al. (2017) further identified that decreases in wind speed derived 397 
reduction in dust emission over northern China during wintertime, resulting in enhanced 398 
stagnant and increased concentration of anthropogenic aerosol pollution over east China. 399 
Further study will be needed to examine the impact of monsoon on OA emission over the 400 
South and Southeast Asian region.  401 
Although this study only considered the aerosol direct and semi-direct effects, the indirect 402 
effect of aerosol by modulating cloud microphysics can also influence rainfall redistribution 403 
during monsoon period. Recently, Lau et al. (2017) conducted numerical forecast 404 
experiments of aerosol radiative and aerosol-cloud-microphysics effects to investigate the 405 
aerosol-monsoon interaction over the northern Indian Himalaya foothill region. They 406 
suggested that aerosol radiative effect and dynamic feedback dominate the large-scale 407 
response, but microphysics effect can further enhance the aerosol radiative interaction in 408 
invigorating the deep cloud process and accelerating the transformation of the monsoon 409 
depression into intense meso-scale cells with heavy rain. Huang et al. (2013) also suggested 410 
that atmospheric aging process by converting from hydrophobic to hydrophilic OA played an 411 
important role in affecting the lifetime and atmospheric burden of OA, implying a possible 412 
impact on radiative forcing and cloud formation/lifetime. We expect that impact of abundant 413 
biomass burning aerosols over Southeast Asia and its light absorbing properties will be large 414 
enough to change regional cloud microphysics during pre-monsoon period. Further study 415 
should be conducted to better understand microphysics effect of light absorbing OA. Given 416 
the evidences shown in this study, we would like to argue that pre-monsoon aerosol can play 417 
a substantial impact on evolution and intensity of monsoon. Hence, it may be possible to use 418 
pre-monsoon aerosol as a predictor of precipitation over the monsoon region.  419 
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Figure or Table Captions 432 
Figure 1. Springtime biomass burning emission over Asian region. The biomass burning 433 
emission is obtained from Fire Energetics and Emissions Research (FEER) v.1 emission 434 
estimates of total carbon (TC) based on MODIS 2003–2013 Fire Radiative Power and AOT 435 
observations from Terra and Aqua. The emission data is averaged for March to April on a 0.5° 436 
x 0.5°-resolution global grid. The time series in the red box is March to April averaged TC 437 
emissions over Southeast Asia (15oN-25oN, 90oE-105oE). 438 
Figure 2. Observed composite differences between strong and weak TC emission years. (a) 439 
Surface temperature and (b) precipitation and streamlines at 850 hPa from March to June. 440 
The strong and weak emission years were selected based on the accumulated TC emission 441 
from March to April over Southeast Asia (15°N–25°N, 90°E–105°E). The selected high- and 442 
low-emission years are 2004, 2007, 2010, and 2012 and 2003, 2005, 2008, and 2011, 443 
respectively. The crosshatched areas indicate a statistical significance of the Student’s t-test 444 
at the 90% level. 445 
Figure 3. Prescribed OA concentration and changes in Asian monsoon climate due to 446 
enhanced OA light absorption obtained from CAM4 experiments. The left panel (a) indicates 447 
the vertically integrated organic carbon concentration (10-6 g/kg) prescribed in CAM4, the 448 
middle panel (b) represents changes in surface temperature (shading) and geopotential height 449 
at 300 hPa, and right panel is for (c) precipitation (shading) and 850 hPa (vector) streamlines 450 
for April (upper), May (middle), and June (lower). The crosshatched areas indicate statistical 451 
significance of the Student’s t-test at the 90% level. The organic carbon is the sum of the 452 
hydrophobic and hydrophilic organic carbon.  453 
Figure 4. Longitude-height cross section of the atmospheric response to OA heating over 454 
southeast Asian region in April. (a) Solar heating rate (QRS, shading) and wind anomalies 455 
(vector) and (b) air temperature (T, shading) and specific humidity (SH, contour). The graphs 456 
are latitudinally averaged over 20°N–30°N to examine upward motion around the source 457 
region. The unit of the vertical velocity (specific humidity) is 2*10-2 ms-1 (0.05 g/kg). The 458 
positive (negative) values for SH are plotted as solid (dashed) lines. 459 
Figure 5. Monthly snow fraction and net downward shortwave flux at surface associated with 460 
enhanced OA light absorption. The shading indicates mean snow fraction in EXP_SCA 461 
experiment and blue and orange contours represent changes in snow fraction and shortwave 462 
flux (i.e., EXP_ABS minus EXP_SCA). The graphs are longitudinally averaged over 70°E-463 
90°E to examined OA impact on snow melting over Tibetan Plateau. The units of the fluxes 464 
are Wm-2. Contour interval for snow fraction is 0.01 and that for shortwave is 3 Wm-2. The 465 
positive (negative) values are plotted as solid (dashed) lines. 466 
Figure 6. Latitude-height cross section averaged over 70°E–90°E in May. (a) QRS (shading) 467 
and wind anomalies (vector) and (b) T (shading) and SH (contour). The graphs are 468 
longitudinally averaged over 70°E–90°E to examine enhanced meridional overturning 469 
circulation and strengthening of Indian summer monsoon.  470 
Figure 7. Same as in Figure 6 but averaged over 110°E–130°E in June.  471 
Figure 8. Schematic diagram of OA light absorption effect. Figure summarizes the 472 
mechanisms of how the OA light absorption influences Asian summer monsoon from April 473 
to June.  474 
Table 1. Changes in surface energy balance over Indian continent and Tibetan Plateau.   475 
Table 1. Changes in surface energy balance over Indian continent and Tibetan Plateau.  476 
Note. All fluxes except for shortwave flux are positive upward. Net surface energy balance is 477 
defined as SW-LW-SH-LH. Area for Indian continent (20°N-30°N, 70°E-90°E) and Tibetan 478 
Plateau (30°N-40°N, 80°E-100°E) correspond to yellow boxes in Figure 3b. 479 
 480 
  481 
[Wm-2] India Tibetan Plateau 
April  April  May  June  
Net downward shortwave flux (SW) -5.74  21.09  8.73 47.28 
Net upward longwave flux (LW) -4.33  11.78 12.34 33.96 
Upward sensible heat flux (SH) -11.97  -0.81  9.21 27.71 
Upward latent heat flux (LH) 9.81 5.09 -9.82 -16.43 
Net surface energy balance 0.74 5.03  -3.00  2.05  
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  644 
 645 
Figure 1. Springtime biomass burning emission over Asian region. Fire Energetics and 646 
Emissions Research (FEER) v.1 emission estimates of total carbon (TC) based on MODIS 647 
2003–2013 Fire Radiative Power and AOT observations from Terra and Aqua over the Asian 648 
region, averaged for March to April on a 0.5° x 0.5°-resolution global grid. The time series in 649 
the red box is March to April averaged TC emissions over Southeast Asia (15oN-25oN, 90oE-650 
105oE). 651 
 652 
  653 
 654 
Figure 2. Observed composite differences between strong and weak TC emission years. (a) Surface 655 
temperature and (b) precipitation and streamlines at 850 hPa from March to June. The strong and weak 656 
emission years were selected based on the accumulated TC emission from March to April over Southeast 657 
Asia (15°N–25°N, 90°E–105°E; Figure 1). The selected high- and low-emission years are 2004, 2007, 2010, 658 
and 2012 and 2003, 2005, 2008, and 2011, respectively. The crosshatched areas indicate a statistical 659 
significance of the Student’s t-test at the 90% level. 660 
  661 
 662 
Figure 3. Prescribed OA concentration and changes in Asian monsoon climate due to 663 
enhanced OA light absorption obtained from CAM4 experiments. The left panel (a) indicates 664 
the vertically integrated organic carbon concentration (10-6 g/kg) prescribed in CAM4, the 665 
middle panel (b) represents changes in surface temperature (shading) and geopotential height 666 
at 300 hPa, and right panel is for (c) precipitation (shading) and 850 hPa (vector) streamlines 667 
for April (upper), May (middle), and June (lower). The crosshatched areas indicate statistical 668 
significance of the Student’s t-test at the 90% level. The organic carbon is the sum of the 669 
hydrophobic and hydrophilic organic carbon.  670 
  671 
 672 
Figure 4. Longitude-height cross section of the atmospheric response to OA heating over 673 
southeast Asian region in April. (a) Solar heating rate (QRS, shading) and wind anomalies 674 
(vector) and (b) air temperature (T, shading) and specific humidity (SH, contour). The graphs 675 
are latitudinally averaged over 20°N–30°N to examine upward motion around the source 676 
region. The unit of the vertical velocity (specific humidity) is 2*10-2 ms-1 (0.05 g/kg). The 677 
positive (negative) values for SH are plotted as solid (dashed) lines. 678 
  679 
 680 
Figure 5. Monthly Snow fraction and shortwave flux associated with enhanced OA light 681 
absorption. The shading indicates mean snow fraction in EXP_SCA experiment and blue and 682 
orange contours represent changes in snow fraction and shortwave flux (i.e., EXP_ABS 683 
minus EXP_SCA). The graphs are longitudinally averaged over 70°E-90°E to examined OA 684 
impact on snow melting over Tibetan Plateau. The unit of the fluxes are Wm-2. Contour 685 
interval for snow fraction is 0.01 and that for shortwave is 3 Wm-2. The positive (negative) 686 
values are plotted as solid (dashed) lines. 687 
  688 
 689 
Figure 6. Latitude-height cross section averaged over 70°E–90°E in May. (a) QRS (shading) 690 
and wind anomalies (vector) and (b) T (shading) and SH (contour). The graphs are 691 
longitudinally averaged over 70°E–90°E to examine enhanced meridional overturning 692 
circulation and strengthening of Indian summer monsoon.  693 
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   695 
Figure 7. Same as in Figure 6 but averaged over 110°E–130°E in June. 696 
  697 
 698 
Figure 8. Schematic diagram of OA light absorption effect. Figure summarizes the 699 
mechanisms of how the OA light absorption influences Asian summer monsoon from April 700 
to June.  701 
